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ABSTRACT 


Fragment 450-650 of the spike (S) protein (S450—650) of severe acute respiratory syndrome-associated 
coronavirus (SARS-CoV) contains epitopes capable of being recognized by convalescent sera of SARS 
patients. Vaccination of mice with recombinant $450-650 (rS450-—650) can induce Abs against SARS-CoV, 
although the titer is relatively low. In the present study, a fusion protein linking a fragment (residues 
39-272) of murine calreticulin (CRT) to $450—650 in a prokaryotic expression system was created. Com- 
pared with target antigen alone, the recombinant fusion product (r$450-650-CRT) has much improved 
hydrophilicity and immunogenicity. The $450—650-specific IgG Abs of BALB/c mice subcutaneously 
immunized with rS450—650-CRT were in substantially higher titer (approximately fivefold more). Fur- 
thermore, the fusion protein, but not r$450-650 alone, was able to elicit $450—650-specific IgG responses 
in T cell deficient nude mice. Given that rCRT/39—272 can drive the maturation of bone-marrow-derived 
dendritic cells, directly activate macrophages and B cells, and also elicit helper T cell responses in vivo, 
we propose that fragment 39-272 of CRT is an effective molecular adjuvant capable of enhancing tar- 
get Ag-specific humoral responses in both a T cell-dependent and independent manner. Fusion protein 
18450-650-CRT is a potential candidate vaccine against SARS-CoV infection. 
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Severe acute respiratory syndrome is an infectious disease 
caused by SARS-CoV (1). The genome of SARS-CoV en- 
codes several structural proteins, including the S glycopro- 
tein, N protein, M glycoprotein and small E protein, which 
play synergistic roles in viral infectivity and pathogenic- 
ity (1, 2). S protein, with 1255 amino acid residues, is 
the largest structural protein in the virus. It is a type I 
transmembrane glycoprotein consisting of two domains, 
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S1 and $2 (2). The former contains a receptor-binding 
domain responsible for viral binding to the receptor on 
target cells (3-7). Former studies have shown that the 
S protein is a major antigen recognized by protective neu- 
tralizing antibodies in patients (3-6). We have previously 
expressed fragment 450-650 of the S protein (1S450- 
650) in E. coli and demonstrated that SARS patients 
mount early and strong humoral responses against this 
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polypeptide (3, 8, 9). However, the solubility and im- 
munogenicity of r$450—650 is relatively poor, which com- 
promises its use as a vaccine candidate (10). 

Calreticulin, expressed mainly in the ER of cells, con- 
tains 416 amino acids and folds into three domains, a 
lectin-like N domain (residues 1-197), a proline rich 
P domain (residues 198-308) and a calcium-binding C 
domain (residues 309-416) (reviewed in reference 11). It 
is one of the key molecular chaperones in the ER as well as 
a homeostatic controller of amounts of cytosolic and ER 
calcium. Additionally, CRT is recognized to be one of the 
heat shock proteins that have potent immunobiological 
activity (11). We have recently shown that a recombinant 
fragment of murine CRT (rCRT/39-272) covering its par- 
tial N and P domains is a potent activator of B cells and 
macrophages via the Toll like receptor-4 and CD14 path- 
way (12). When fused to EGFP, CRT/39-272 greatly im- 
proves humoral responses against EGFP in both BALB/c 
and T cell deficient nude mice (12). By using DNA vaccines 
encoding fusion proteins between CRT and target antigens 
such as tumor antigen E7, N protein of SARS-CoV and 
Bacillus anthracis protective antigen domain IV, previous 
investigators have also observed that CRT can function asa 
molecular adjuvant (13-16). In the present study, we pre- 
pared a soluble recombinant fusion protein (rS450—650- 
CRT) between $450-650 and CRT/39-—272 and observed 
that it has much better immunogenicity than rS450-650 
alone. 


MATERIALS AND METHODS 


Animal immunization and serum collection 


Female BALB/c and BALB/c-nu mice of 6-8 weeks of age 
were obtained from the Academy of Military Medical Sci- 
ences (Beijing, China) and housed in a specific pathogen- 
free barrier facility. The mice were immunized s.c. once 
with 30 yg recombinant protein rCRT/39-272, rS450- 
650, r$450-650-CRT or rCRT/39-272 (15 wg) + r$450- 
650 (15 jg) in PBS at the base of the tail. Mouse blood 
was collected by tail bleeding at different time points post 
immunization and the sera kept at —20 °C until use. 


Molecular biology reagents 


High fidelity Taq DNA polymerase was purchased from 
TaKaRa Biotech (Shiga, Japan). Restriction enzymes and 
T4 ligase were from Invitrogen, (Carlsbad, CA, USA). 
A kit for DNA extraction and purification was from 
Qiagen (Hilden, Germany). The E. coli strain of BL21 
(DE3) was from Stratagene (La Jolla, CA, USA). The 
Ni-nitrilotriacetic acid (Ni-NTA) resin was from Novagen 
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(Darmstadt, Germany). The cell transfection reagent was 
from Vigorous Biotech (Beijing, China). 


Expression and purification of recombinant 
proteins in Escherichia coli 


Preparation of expression plasmids encoding for $450- 
650 and CRT/39-272 was performed as previously de- 
scribed (3, 8, 10, 12). After digestion with HindIII and Xhol 
(Promega, Madison, WI, USA), the CRT DNA fragment 
was cloned into the HindHI and Xhol sites of pET28a- 
$450-650 to generate pET28a-S450-650/CRT. Plasmid 
constructs were confirmed by DNA sequencing. 

Expression and purification of recombinant proteins 
was essentially the same as previously described (10, 
12). Briefly, E. coli BL21 (DE3) cells harboring plas- 
mid pET28a-S$450-650, pET28a-CRI, or pET28a-S450- 
650/CRT were cultured in 1L 2YT medium containing 
kanamycin (30 g/mL) at 37 °C. When the cell density 
had reached 0.8—1.0 (optical density 600), IPTG (Sigma- 
Aldrich, St Louis, MO, USA) was added to a final concen- 
tration of 0.1 mM, and the bacteria cultured for a further 
3.5 hr at 37 °C. The culture was then harvested by cen- 
trifugation and the cell pellet suspended in 40 mL binding 
buffer (500 mM NaCl, 20 mM Tris-HCl, 5 mM imida- 
zole, pH 7.9). After sonication (4 s pulse, 4 s pause, 200 
W 50 times), the lysed cells were centrifuged at 5000 g 
for 15 min at 4 °C. The supernatant was incubated with 
2 mL Ni sepharose (GE Healthcare, Uppsala, Sweden) at 
4 °C for 1 hr. The sepharose was poured into a column 
and washed with 100 mL wash buffer (500 mM NaCl, 
20 mM Tris-HCl, 20 mM imidazole, pH 7.9) and then the 
recombinant protein eluted with elute buffer (500 mM 
NaCl, 20 mM Tris-HCl, 500 mM imidazole, pH 7.9). The 
final products were dialyzed with PBS (pH 7.2) and stored 
at —20°C before use. 


$450-650-based enzyme-linked 
immunosorbent assays 


$450-650-based ELISAs were performed according to the 
protocol previously described (8, 9). Briefly, ELISA plates 
were coated at 4 °C overnight with 2 g/mL 1$450-650 in 
carbonate buffer (pH 9.6). The wells were then incubated 
with 2% BSA in PBS for 2 hr at 37 °C, and then washed 
five times with PBST. Serum samples from immunized 
mice were diluted in dilution buffer (0.1% BSA in PBS). 
100 «L of each dilution was added to each well and the 
plates incubated for 90 min at 37 °C. After washes with 
PBST, the plates were incubated with 100 7L HRP-labeled 
goat anti-mouse IgG, IgG1 or IgG2a antibody (Southern 
Biotech, Birmingham, AL, USA) 1/4000 diluted in dilution 
buffer for 1 hr at 37 °C. OPD substrate (100 wL /well) was 
added after five washes with PBS-T and incubated at room 
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Fig. 1. Expression and purification of recombinant proteins. Samples of different fractions of £. coli harboring (a) pET28a-S450-650, 
(b) pET28a-CRT/39-272 or (c) pET28a-S450-650-CRT after induction with IPTG were run in a Coomassie-blue-stained SDS-PAGE 12% gel, with 
protein molecular weight markers in lane 1. Total lysates of cells before and after IPTG induction were run in lanes 2 and 3 respectively; the super- 
natant and pellet of the lysate of cells after IPTG induction were in lanes 4 and 5. (d)After purification steps, the resultant products of rS450-650 
(lane 6), rCRT/39-272 (lane 7) and rS450-650-CRT (lane 8) were analyzed by SDS-PAGE electrophoresis and visualized by Coomassie blue staining. 


temperature. 50 wL of 2M H2SO, solution was added to 
each well to stop the reaction, and the optical density was 
immediately read at 492 nm. 


Bone marrow-derived dendritic cells and 
flow cytometric analysis 


Bone marrow was flushed out of the femora and tibiae 
of BALB/c mice and incubated at a starting concentration 
of 5 x 10° cells/mL in R10 medium in 6-well flat bot- 
tomed plates (Falcon, Oxnard, CA, USA) at 37 °C, 5% 
CO), for 3 hr. Non-adherent cells were removed before re- 
combinant mouse GM-CSF (rmGM-CSF, PeproTech EC, 
London, UK) was added to the culture (20 ng/mL). On 
day 3, half of the medium was replaced with fresh medium 
containing rmGM-CSE. On day 5, adherent cells were har- 
vested as bone-marrow-derived immature DCs and ex- 
amined microscopically and also by flow cytometry for 
expression of CD11c. 

For indirect immunofluorescence staining, cells were 
collected, washed with 1% BSA (Sigma, St Louis, MO, 
USA) in PBS and the pellets (1 x 10° cells /tube) incubated 
for 30 min at 4 °C with 1 wL phycoerythrin-conjugated 
rat anti-mouse CD1lc and also FITC-conjugated Abs 
against mouse CD40 FITC-conjugated isotype control Abs 
(Biolegend, Franklin Lakes, NJ, USA). After washes, the 
cells were subjected to analysis using a fluorescence- 
activated cell sorter (FACScan, Becton-Dickinson, 
Rutherford, NJ, USA). 


Statistical analysis 


All experiments were repeated at least three times and the 
results expressed as mean + SD of the mean. Statistical 
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analysis was performed using the independent-samples 
t-test or two-side paired t-test between groups using the 
SPSS 14.0 program (SPSS, Chicago, IL, USA). Differences 
were considered statistically significant at P < 0.05. 


RESULTS 


Prokaryotic expression and purification of 
rS450-650-calreticulin 


Preparation of expression vectors pET28a-S$450—650 and 
pET28a-CRT/39-272 encoding for $450-650 and murine 
CRT/39-272, respectively, has been described previously 
(3, 10, 12). In the present study, a new DNA construct, 
namely pET28a-S450-650-CRIT, encoding a fusion pro- 
tein (rS450-650-CRT) between S450-650 and murine 
CRT/39-272 with a histidine tag was created. All three re- 
combinant proteins were successfully expressed in E. coli. 
As illustrated in Figures la—1c, following IPTG induction 
rCRT/39-272, a highly soluble polypeptide, was present in 
the lysate of E. coli cells harboring pET28a-CRT/39-272, 
whilst rS450—650 was less soluble and mainly expressed in 
the inclusion bodies of pET28a-S450—650-harboring bac- 
teria. The fusion protein r$450-650-CRT was found in 
both cell lysate and inclusion bodies of transduced E. coli 
cells. All three recombinant products were purified using 
Ni-columns, and homogeneity of the resultant products 
was more than 90% as assessed by SDS-PAGE 12% gel 
electrophoresis (Fig. 1d). 


Immunogenicity of rS450-650-calreticulin 


Initial immunogenicity evaluation of the recombinant 
fusion protein was carried out by comparing its ability 


© 2012 The Societies and Blackwell Publishing Asia Pty Ltd 


Adjuvanticity of recombinant calreticulin 


Ea rCRV39-272 
_ |S 1S450-650+1OR139-272 
ES] 1450-650 

(1 1S450-650-CRT 


Fig. 2. Immunogenicity of fusion protein rS450-650-CRT vs 
rS450-650 and a mixture of rS450-650 + rCRT/39-272. Serum sam- 
ples from BALB/c mice (5/group) immunized s.c. 14 days earlier with 
rCRT/39-272, rS450-650, rS450-650-CRT or an equal proportion mix- 
ture rS450-650 plus rCRT/39-272 were serially diluted and analyzed, in 
triplicate wells, using rS450-650-based ELISAs. The detection Abs were 
goat-anti-mouse IgG with OPD as substrate, and the results expressed 
as mean absorbance at 492 nm+SD.**P < 0.01; ***P < 0.001; ns, not 
significant. 


to elicit $450-650-specific Abs in vivo with rS450-650 
alone and a mixture of equal proportions of rS450-650 
and rCRT/39-272. Figure 2 shows that the fusion protein 
was by far the most effective immunogen for inducing 
S450-650-specific IgG responses in BALB/c mice. More 
detailed analysis on the IgG Abs thus produced was then 
carried out. Serum samples from BALB/c mice (five per 
group) 28 days post s.c. immunization with rS450-650, 
rCRT/39-272 or rS450-650-CRT (30 j4g/mouse) were as- 
sayed by ELISAs. The r$450-650-specific serum Ab titers 
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of the rS450-650-CRT group were approximately fivefold 
higher than those of the rS450-650 group (Fig. 3a). Tar- 
get Ag-specific IgGs of the r$450-650-CRT group were of 
both IgG1 and IgG2a isotypes, whilst specific IgG2a was 
hardly detectable in the sera of the r$450-—650-immunized 
mice (Fig. 3b, c). 


Induction of S450-650-specific IgG 
antibodies by rS450-650- calreticulin in nude 
mice 


It has previously been demonstrated by this group that 
rCRT/39-272 is able to activate B cells and trigger Ig 
production and IgG class switching in the absence of T 
cell help both in vitro and in vivo (12). It was of interest 
to know whether rS450-650-CRT can also induce $450— 
650-specific IgG in T-cell-deficient mice. BALB/c-nu mice 
were vaccinated s.c. with either rCRT/39-272, rS450-650 
or 18450-650-CRT and then monitored for serum IgG Abs 
against $450-650. The fusion protein, but not 8450-650 
or rCRT/39-27, successfully induced $450-650-specific 
IgG production in nude mice (Fig. 4). 


Ability of rCRT/39-272 and 
r$450-650-calreticulin to induce dendritic 
cell maturation 


The potent adjuvanticity of rCRT/39—272 can be partially 
explained by its direct activating effect on B lymphocytes 
(12). However, there are other possible ways for it to en- 
hance target Ag-specific humoral lresponses in vivo. After 
all, adjuvants are typically characterized by their ability to 
activate professional APCs, such as DCs and macrophages, 
rather than B or T cells. Bone marrow-derived mouse DCs 
were stimulated with rCRT/39-272, or rS450-650-CRT, 
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Fig. 3. Titration of mouse antisera against rS450-650. Serum samples from mice immunized s.c. 28 days earlier with rCRT/39-272, 
rS450-650, rS450-650-CRT were serially diluted and analyzed, in triplicate wells, using rS450-650-based ELISAs. The detection Abs were (a) 
goat-anti-mouse IgG, (b) IgG1 or (c) lgG2a with OPD as substrate. The results are expressed as mean absorbance at 492 nm + SD. *P < 0.05; *P < 


0.01 (comparing with the rCRT/39-272 group); ns, not significant. 
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Fig. 4. Induction of $450-650-specific IgG production in BALB/c- 
nu mice by vaccination with rS450-650-CRT. Groups of BALB/c-nu 
mice were s.c. immunized at the base of the tail with rCRT/39-272, 
rS450-650 or rS450-650/CRT (30 yg/mouse, in 50 wl PBS). Serum 
samples, collected 21 days later, were assayed for anti-S450-650 IgG 
using ELISA. The detection Abs were HRP-labeled goat-anti-mouse IgG 
with OPD as substrate and the results are expressed as mean absorbance 
at 492 nm + SD. **P < 0.01; ***P < 0.001; ns, not significant. 


or LPS, or rEGFP for 24 hrs and then analyzed by flow 
cytometry for CD40 expression, which is regarded as a 
marker for DC maturation (17). As illustrated in Figure 5, 
the percentage of CD40* cells of the groups treated with 
rCRT/39-272 (24.5%) or 1S450-650-CRT (18.6%) was 
considerably higher than that of the rEGFP control group 
(6.8%), thus confirming rCRT/39-272 and 1S450-650- 
CRT as potent activators of murine DCs. This is fur- 
ther supported by the fact that r$450-—650-CRT as well as 
rCRT/39-272, but not rEGFP, were able to induce produc- 
tion of IL-12 and IL-1 by DCs in vitro (data not shown). 
The ability of rCRT/39-272 and rS450-650-CRT to acti- 
vate DC is not due to endotoxin contamination because 
the recombinant proteins used in this study were passed 
through polymyxin B agarose to remove endogenous LPS 
that could have come from the E. coli system. 


DISCUSSION 


Newly emerging pathogens such as SRAS-CoV and avian 
influenza viruses are of major concern for public health to- 
day. The development of more effective vaccines (and ad- 
juvants) against such infectious agents is urgently needed. 
Our results reported herein show that fusion protein 
rS450-650-CRT exhibits much more potent immuno- 
genicity than r$450-650 alone in terms of eliciting r$450- 
650-specific IgG responses in vivo. It should be noted, 
however, that whether such Abs exhibit any neutralizing 
effect against SARS-CoV infection remains to be tested by 
using either live virus or pseudo-virus systems. 
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Physical linkage between rS450-650 and CRT/39-272 
is necessary for the improved immunogenicity, because a 
mixture of 1450-650 and rCRT/39-272 was no more im- 
munogenic than r$450-650 alone (Fig. 2). Another advan- 
tage of r$450-650-CRT over 1$450-650 as an immunogen 
is its better hydrophilicity. When preparing r$450-—650, 
renaturation steps were necessary after Ni-column purifi- 
cation and the resultant product had to be maintained at a 
relatively low concentration in order to avoid protein ag- 
gregation and precipitation. By contrast, no renaturation 
steps are necessary for preparation of rS450-—650-CRT and 
the final product is less likely to form aggregates in PBS. 

Although our previous work showed that rCRT/39-272 
is able to activate B cells and macrophages in vitro (12), 
data on DC activation by rCRT/39-272 and rCRT-S450- 
650 allows a more panoramic view of the molecular mech- 
anisms underlying the extraordinary adjuvanticity of this 
prokaryotically expressed soluble calreticulin fragment. It 
is also of importance to mention that, in addition to its 
stimulatory effects on B cells and DCs, rCRT/39-272 can 
also induce CD4 helper T cell responses in mice. In a pre- 
vious study using draining lymph node cells from BALB/c 
mice after s.c. immunization with rCRT/39—272, we were 
able to establish highly sensitive CRT-specific CD4* helper 
T cell lines (manuscript in preparation). Based upon the 
above observation, we propose that recombinant CRT may 
function as a molecular adjuvant through several differ- 
ent pathways that may result in synergistic effect in vivo. 
Firstly, APCs are known to express different receptors (e.g. 
CD14 and CD91) for CRT (18-21); this would facilitate 
more efficient capture and uptake of CRT-linked antigens. 
Secondly, soluble CRT directly activates DCs (Fig. 5) and 
macrophages (12), thereby leading to more efficient anti- 
gen processing and presentation. Thirdly, CRT in fusion 
proteins functions as a carrier protein and activates CD4* 
helper T cells that are capable of providing cognate help 
for antigen-specific B cells. Finally, the CRT portion of 
the fusion protein directly activates B cells and triggers 
their IgG class switching even in the absence of T cell help 
(Ref. 12 and Fig. 4). The genomes of many viruses (e.g. 
SARS-CoV and influenza viruses) undergo substantial 
mutation, which can diminish T cell epitopes in the viral 
proteins, resulting in escape of the virus from immune 
detection by T lymphocytes (22-24). In this scenario, the 
ability of vaccines to induce IgG responses in hosts defi- 
cient in cognate helper T cells can be valuable. 

Because calreticulin is a widely expressed self-antigen, 
its use as a molecular adjuvant is inevitably embedded 
with the possibility of triggering (or exacerbating) im- 
munopathological reactions in vivo. Previous investigators 
have observed increased concentrations of CRT-specific 
serum IgG Abs in patients with systemic lupus erythe- 
matosus and rheumatoid arthritis (25, 26). However, it is 
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Fig. 5. rCRT/39-272 and rS450-650-CRT induce maturation of dendritic cells in vitro. Bone-marrow- derived mouse immature DCs were 
stimulated with, or without, LPS (10 jzg/mL), rCRT/39-272 (30 pg/mL), rS450-650-CRT (30 yzg/mL) or rEGFP (30 yxg/mL) for 24 hrs in R10 medium at 


37 °C with 5% COp, The cells were then double stained with FITC-conjugated anti-CD40 mAb and PE-labeled mAb against CD1 1c. 


unclear whether such Abs participate in the pathological 
damage to the host or function as part of the immunoreg- 
ulatory network. When rCRT/39-272 was employed to 
immunize different strains of mice, rats and rabbits, with 
or without Freund’s adjuvant, high titer IgG Abs were ob- 
tained in these animals with no accompanying signs of 
autoimmune disorders (data not shown). In one experi- 
ment, BALB/c mice remained healthy for 6 months after 
four doses of s.c. immunization with rCRT/39-272 (data 
not shown), arguing against the possibility that recombi- 
nant CRT causes autoimmune damage in vivo. 

Previous investigators have exploited the adjuvanticity 
of CRT by using it as a molecular adjuvant in DNA vac- 
cines. Cheng and colleagues found that intradermal im- 
munization with a DNA vaccine encoding a fusion protein 
between CRIT, or CRT fragments, and the E7 tumor anti- 
gen was more efficient at eliciting E7-specific CD8* T cells 
and protecting against E7-expressing tumors in C57BL/6 
mice (13, 14). Park and coworkers prepared a DNA vac- 
cine encoding a fusion protein between CRT and Bacillus 
anthracis protective antigen domain IV and showed that it 
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much enhanced antibody responses to the target Ag (15). 
Kim and colleagues also demonstrated that a DNA vaccine 
encoding CRT linked to the N protein of the SARS-CoV 
is capable of generating strong N-specific humoral and 
cellular immunity (16). It should be noted, however, that 
proteins expressed by DNA vaccines may be retained in the 
endoplasmic reticulum or Golgi after synthesis, thus lim- 
iting their ability to induce an antibody response. More- 
over, intracellularly expressed CRT may not be as efficient 
as soluble extracellular CRT in exerting APC conditioning 
and in activating B cells in vivo. 

Nucleocapsid protein, another major structural pro- 
tein of SARS-CoV, is capable of eliciting strong humoral 
and cellular immune response in patients and in exper- 
imental animals (2, 8, 27). Unlike the S protein, which 
contains neutralizing epitopes, the N protein cannot in- 
duce neutralizing Abs in vivo because it is located in- 
side the viral particles. On the other hand, the S, M and 
E proteins of SARS-CoV play synergistic roles in viral in- 
fection (2) and Abs against these viral proteins are thought 
to have a synergistic effect in combating the infectivity of 
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SARS-CoV. Thus, a recombinant fusion polypeptide con- 
taining CRT/39-272 and the major B cell epitopes in the 
S, M and E proteins of SARS-CoV may comprise a more 
favorable vaccine design. 

In conclusion, r$450-650-CRT has several advantages 
over 1$450-650, including its immunogenicity, stabil- 
ity in solution and simplicity of production. Given that 
rCRT/39-272 is able to activate human peripheral blood 
mononuclear cells in vitro (12), this CRT fragment could 
be exploited as a molecular adjuvant in the preparation of 
SARS-CoV vaccines for humans. 
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